We conduct a simulation study to assess the performance of the spatially varying change points model. Full details are presented in eSection 2 (http://links.lww.com/eDe/B102). 
Original article
Abstract: invasive pneumococcal disease is a leading cause of morbidity worldwide. Pneumococcal conjugate vaccine effectively reduces the number of cases caused by vaccine-targeted serotypes among children who receive the vaccine and adults who are not directly vaccinated. recently, there has been a debate as to whether adults should receive the same conjugate vaccine as children. in settings where vaccine uptake in children is high, the vaccine serotypes cause a small fraction of disease cases, and direct vaccination might have a small effect. However, direct vaccination might be warranted if geographic regions or subpopulations exist where the targeted serotypes persist at higher levels than expected. to detect such geographic variability, new methodology is required. We introduce an innovative, spatially varying change points model, combined with spatially varying intercepts and slopes, to jointly determine whether the beginning date of the vaccine-associated decline, the initial baseline proportion of invasive pneumococcal disease cases caused by vaccine-targeted serotypes, and/or the rate of decline of vaccinetargeted serotypes vary in the adult population across connecticut, 1998-2009. results indicate that there is substantial spatial variability in the pattern with which vaccine-targeted serotypes decline, suggesting that the fraction of invasive pneumococcal disease cases that could have been preventable by direct vaccination of adults in connecticut during the study period differed over time and space. the newly developed model is shown to outperform a number of competitors in terms of explanatory and predictive ability.
(Epidemiology 2017;28: 119-126) P neumococcal disease, a common infection caused by the bacterium Streptococcus pneumoniae, is a leading cause of morbidity across the world. a subset of the over 90 known pneumococcal serotypes cause the majority of invasive pneumococcal disease cases, a severe form of the disease which is defined by the isolation of bacteria from the blood or cerebrospinal fluid. Pneumococcal conjugate vaccine is associated with reduced rates of invasive pneumococcal disease caused by the serotypes targeted by the vaccine. this reduction was observed among children who received the vaccine and within the adult population, which was not vaccinated but which benefitted indirectly. [1] [2] [3] [4] [5] the advisory committee on immunization Practices recently recommended the use of pneumococcal conjugate vaccines for all adults over the age of 65 and for those ages 19-64 with certain risk factors. 6, 7 Direct vaccination of adults generally is associated with a diminishing impact over time as the indirect protection that results from vaccinating children increases; however, there may be subsets of the adult population or geographic regions where this indirect benefit is less pronounced and, therefore, where direct vaccination is more important. One factor that could influence the strength of indirect benefit received by adults is the rate of vaccine uptake among children in surrounding areas. low vaccine uptake could allow the vaccine-targeted serotypes to persist among adults. Factors associated with the socioeconomic status (SeS) of a region may also influence the serotype distribution and transmission patterns in localized populations.
in this article, we explore the spatial variability of invasive pneumococcal disease cases caused by serotypes targeted by the original conjugate vaccine (PcV7) among adults ages 18+ in connecticut, 1998-2009. Our goal is to determine if certain geographic regions have (1) higher than expected baseline proportions of invasive pneumococcal disease cases caused by vaccine-targeted serotypes in the prevaccine period, (2) slower rates of decline of these proportions in the post vaccine period, and/or (3) later than expected dates when this decline begins, after adjusting for vaccine uptake and SeS characteristics. Fully characterizing the spatial variability and uncertainty in these data will help to determine if there are areas where the vaccine-targeted serotypes persist at a higher level or where pediatric vaccination rates are suboptimal to protect adults indirectly.
We introduce a newly developed model that can simultaneously address each of the proposed questions within a unified Bayesian framework. Our individual-level probit change points regression model includes spatially varying intercepts and slopes to explore the spatial variability in baseline proportions and rates of decline, respectively. Spatially varying change points are introduced to account for geographic differences in the date of beginning decline of the proportions. to our knowledge, this is the first use of spatially correlated change points in the literature. the introduced model is applied to invasive pneumococcal disease data from connecticut in 1998-2009 and is shown to outperform competing models in terms of explanatory ability and predictive performance.
METHODS

Data Sources
Data for this study are available at multiple geographic scales including the individual-level, census tract, US Postal Service ZiP code service area, and ZiP code tabulation area (Zcta). Zctas are areas that the US census Bureau defines based on the ZiP code service areas and in most cases, the Zcta code matches the ZiP code for an area. 8 We geographically link these different sources of information where possible.
Data on individual-level adult invasive pneumococcal disease cases were collected from the active Bacterial core surveillance system in connecticut from 1998 to 2009. For each individual diagnosed with invasive pneumococcal disease, information was collected on their age group (18-39, 40-64, and 65+), month, and year that the sample was collected, the pneumococcal serotype that caused the case of invasive pneumococcal disease, and the census tract and ZiP code of residence at the time of diagnosis (n = 3,836). We estimated ZiP code-level PcV7 uptake information among children using data from the connecticut immunization registry and tracking System. For each ZiP code during each month/year, we estimated the number of children eligible to receive PcV7 and the number of children who received three and/or four doses using a cohort approach while assuming a constant birth rate over the year and that vaccinations for children who received three or four doses were administered according to schedule. 5, 9 SeS indicators were collected from the US census Bureau at the tract level based on the 2000 census. considered covariates include population density, percent of the tract that is black, Hispanic, and white, income per capita, and total population size. after initial exploratory modeling of the data, only population density was included in the final set of covariates.
in the final analysis, the following covariates are included: age category of the individual (18-39, 40-64, and 65+), log of the tract-level population density (standardized), and ZiP code-level information on vaccine uptake among children. We include the proportion of children who received at least three doses of PcV7 along with the proportion of children who received three but not four doses of PcV7. Both of these variables are standardized at each month/year by subtracting off the respective proportion averaged across all ZiP codes at that date. including these variables allows us to investigate the benefit of giving children three versus four doses of the vaccine with respect to protection of the adult population.
We note that the population density and vaccine uptake variables are not available at the individual-level and people living in the same geographic region will have the same values of these covariates. therefore, the results are interpreted at the geographic region level for these covariates. individuals with missing information on the final set of included covariates are removed from the analysis (n = 315) resulting in a total sample size of 3,521. this includes individuals from 236 out of the total 266 Zctas in connecticut. eFigure 1 (http://links.lww.com/eDe/B102) displays the number of invasive pneumococcal disease cases in each Zcta for the final analysis dataset, while Figure 1 shows the proportion of invasive pneumococcal disease cases caused by a targeted serotype at each year of the study, averaged across all Zctas. table 1 reports the characteristics of the study population. the study was approved by the Human investigation committees at Yale and the connecticut Department of Public Health (DPH). certain data used in this publication were obtained from DPH. the authors assume full responsibility for analyses and interpretation of these data. 
Statistical Model
We introduce a newly developed model for analyzing the persistence of pneumococcal conjugate vaccine-targeted pneumococcal serotypes among adults. in the model, each geographic region has a unique intercept, slope, and change point parameter. estimating these parameters enables the identification of regions where the proportion of invasive pneumococcal disease cases caused by vaccine-targeted serotypes persists longer than expected (large change point, slope closer to zero) or that have higher baseline probabilities than expected (large intercept). the addition of these spatially varying parameters increases the flexibility of the model while not imposing any unwarranted assumptions on its structure. it also allows us to simultaneously investigate each scientific question of interest regarding the persistence of vaccine-targeted serotypes.
at a date occurring before the location-specific change point, the probability that an individual's case of invasive pneumococcal disease is caused by a targeted serotype is modeled as a function of person/location/time-specific covariates (e.g., pneumococcal conjugate vaccine uptake, population density) and spatial intercept alone. this represents the period of time before the vaccine has had any impact on the adult population within a specific region. including location-specific intercepts allows for the possibility that the baseline probability of a case of invasive pneumococcal disease being caused by a targeted serotype varies by region. including location-specific change points allows for the date of beginning decline of the rates to change across the regions if necessary.
at a date occurring after the location-specific change point, the probability that an individual's case of invasive pneumococcal disease is caused by a targeted serotype is modeled as a function of person/location/time-specific covariates, spatial intercept, and a location-specific linear time trend. this represents the period of time after the vaccine is introduced to children when the indirect benefits begin to impact adults. the location-specific slope parameters allow for the possibility that the rate of decline is changing across the regions.
the , , for all i where z j * represents a unique Zcta, m is the number of unique regions observed in the study (m = 236), n is the total sample size (n = 3,521), and generally m n ≤ . We observe information on invasive pneumococcal disease cases at discrete monthly time periods beginning with January 1998 (t = 1) and extending through December 2009 (t = 144). Multiple individuals in the study are observed at the same monthly time period such that t i
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functions map an individual to the correct Zcta and monthly time period, respectively. We model the underlying probability that the invasive pneumococcal disease case for individual i is caused by a vaccine-targeted serotype using a newly developed probit change points regression framework such that 
Prior Specification
We allow for the possibility that spatially referenced parameters associated with neighboring Zctas are more similar through use of a spatially structured prior distribution. We also believe that there may be correlation between the change point, intercept, and slope specific to a single Zcta. therefore, we utilize a multivariate spatial prior distribution to incorporate this potential source of correlation.
PcV7 was first introduced in 2000 (Figure 1 ), therefore, a change point cannot occur before January 2000 (t = 25). to observe the change point during the time frame of our study, it would have to occur on or before november 2009 (t = 143). a change point occurring in the final month would not be detected given the data we have access to. therefore, we assume that each Zcta-specific change point is a continuous valued parameter in that range such that θ z j ( ) represents the multivariate normal distribution with mean vector … and covariance matrix Σ, w jk describes the neighborhood association between Zcta j and Zcta k, w j + represents the sum of the neighborhood weights for Zcta j, and Σ λ is a three by three covariance matrix for the change point, intercept, and slope. We define two Zctas to be neighbors if they share a common border. therefore, w jk = 1 if Zcta j and k share a common border and w jk = 0 otherwise. By definition, w jj = 0 for all j. this prior distribution allows for neighboring regions to share information for estimation if appropriate and for the possibility of cross-covariance between the parameters. Σ λ controls the level of spatial information sharing and the crosscovariance between the spatially referenced parameters. to complete the model specification, we assign prior distributions to the remaining parameters. the covariate regression parameters γ j ( ) and the nonspatial change point, intercept, and slope parameters ψ β β , , ) for all j. this represents a vague yet proper prior distribution and reflects our lack of knowledge regarding the values of those parameters. a Wishart prior distribution with scale matrix equal to the three by three identity matrix and degrees of freedom equal to four is assigned to Σ λ −1
. this vague yet proper prior distribution allows for marginally uniform prior cross-correlations between the spatial change point, intercept, and slope parameters. 
Sensitivity Analysis
We assess the sensitivity of our results to the choice of a fixed, large variance for the nonspatial change point, intercept, and slope parameters. We specify ψ β β τ , ,~, . , .
IG(
). We then compare these results to the fixed variance results using model comparison metrics and plots of estimated posterior means.
Computing
all models are fit using r statistical software (r Development core team, Vienna, austria). 12 Posterior inference is based on 85,000 posterior samples from three chains after a burn-in period of 15,000 iterations in each chain for a total of 255,000 posterior samples. We assessed convergence through visual inspection of the trace plots and calculation of the potential scale reduction factor for each model parameter.
13,14 the average, median, minimum, and maximum values of the potential scale reduction factor across all model parameters were 1.01, 1.00, 1.00, and 1.08, respectively. Potential scale reduction factor values near one indicate that the chains have likely converged to their target distribution. the number of posterior samples to collect after burn-in was determined based on the analysis of batch mean Monte carlo standard errors. 15 Model fitting details can be seen in eSection 1 (http://links.lww.com/eDe/B102).
Summarizing Output
We develop a new metric to analyze the relative ranking of each Zcta with respect to values of the change points, intercepts, and slopes jointly. For each collected posterior sample of model parameters, each Zcta is given three rankings based on its change point, intercept, and slope parameters. We subtract one from each ranking, divide each by m −1 , and average these scaled rankings for each Zcta. Zctas with average values closer to one tend to have a combination of spatial parameters that are extreme (large change point, large intercept, slope closer to zero) and may be important regions to focus on when investigating adult vaccination.
We formally compare the performance of competing models using the deviance information criterion and a posterior predictive loss criterion D k ( ). 
RESULTS
Vaccine-targeted Invasive Pneumococcal Disease Rates in CT, 1998-2009
in table 2, we display the posterior inference for the nonspatial model (1) parameters. in etable 2 (http://links. lww.com/eDe/B102), we present the posterior summaries for entries of £ λ . none of the included SeS covariates are associated with the probability that an invasive pneumococcal disease case is caused by a vaccine-targeted serotype. the slope after the change point is negative, indicating that the proportion of cases caused by vaccine-targeted serotypes decreased after the change point (Figure 1) . as the proportion of children in a Zcta who received three but not four doses of the vaccine increases, the probability that an invasive pneumococcal disease case in an adult is caused by a targeted serotype is also increased. this suggests that completing the vaccination cycle by receiving the fourth (booster) dose of the vaccine may provide an indirect benefit to the adult population. Figure 2B suggests that in the southwestern region of connecticut, the initial proportion of invasive pneumococcal disease cases caused by vaccine-targeted serotypes is higher than in other parts the state. considering Figure 2a , B jointly indicates that generally, in the areas of the state where the intercepts are largest, the change points tend to occur earlier. note that the change points across the state are centered around 39 months, which agrees with the period of decline in Figure 1 . the rates of decline in vaccine-targeted invasive pneumococcal disease cases appear to be slower in the eastern part of connecticut. Figure 2D displays the posterior means of the relative ranking metric and allows us to jointly identify regions with an extreme set of spatial parameters indicating increased risk (values closer to one).
in Figure 3 , we display the predicted probability that an invasive pneumococcal disease case is caused by a targeted serotype for an adult ages 40-64 living in an area with average population density for a number of different time points. all predictions account for vaccine uptake information. the corresponding posterior standard deviation estimates are presented in eFigure 3 (http://links.lww.com/eDe/B102). in early 1998, a majority of the high probability areas are seen in the southwest region of connecticut, mainly because of the high prevaccine intercepts. By late 2009, the high probability regions are seen in the eastern part of the state because the late-occurring change points and slower rates of decline. the spatial pattern of predictions is better understood when 
Model Comparisons
We compare the newly developed model with a number of alternatives with respect to model fit and predictive ability. We first explore the most appropriate temporal model for the data by comparing a standard change point model, a linear time trend model, and a model that flexibly incorporates time using a cubic spline with five degrees of freedom. next, we consider the original framework in (1) while allowing for all combinations of spatially varying change points, intercepts, and/or slopes.
in table 3 , we display all model comparison results. Focusing first on understanding the temporal structure of the data, these results suggest that the standard change point model provides improved explanatory and predictive ability over the linear time trend and cubic spline models. as expected, the linear time trend model performs poorly because it ignores the prevaccine period of stable invasive pneumococcal disease rates seen in Figure 1 . the cubic spline model provides an improvement in fit and prediction but uses an increasing number of effective parameters ( p D ) to do so.
next, we attempt to determine if any of the parameters are constant across space. the findings suggest that the full model in (1) represents the best overall model for explanatory and predictive purposes and that allowing each component to vary spatially represents an improvement over competing models. the models that include spatially varying change points always outperform the respective models with a constant change point.
to further explore the impact of ignoring spatial variability in the data, we compare the predictive performance of the competing nonspatial models with the full model in (1) . For each individual in the study, we obtain samples from the posterior distribution of p z i t i i ( ) ( ) { } , and summarize them using the posterior mean. We average these posterior means across space and time, and compare them to the observed data averaged in the same way. in eFigure 4 (http://links.lww.com/eDe/B102), we display the yearly comparisons averaged across all Zctas. each point in the figure represents a year in the study. Other than the linear time trend model, each model provides similar and adequate predictive ability across time. in eFigure 5 (http:// links.lww.com/eDe/B102), we display the Zcta comparisons averaged across time. each point in the figure represents a Zcta averaged across all time points. each of the nonspatial models provides similar predictions and fails to adequately handle the spatial variability. the correlation between observed and predicted proportions ranges from 0.34 to 0.37 for these models. the full model in (1), however, is able to substantially improve prediction and results in a correlation of 0.83.
Finally, we compare how the predictions vary because of unexplained spatial variability and because of differences in vaccine uptake between Zctas. eFigure 6 (http://links.lww. com/eDe/B102) displays these results and fully describes the findings. these results indicate that a majority of the variability in predictions between Zctas is because of unexplained spatial variability.
Sensitivity Analysis
Deviance information criterion, p D , and D k from the sensitivity analysis model are 4,085.6, 61.3, and 3,016.1 respectively, compared with 4,086.2, 61.0, and 3,014.9 from the final model (table 3) . the posterior means from all model parameters are also in close agreement between the two models as shown in eFigure 7 (http://links.lww.com/eDe/B102). these results do not appear to be sensitive to this choice of prior.
Simulation Study
the simulation study results suggest that method 1 consistently provides adequate coverage of the change points under all considered designs and, with any form of spatial correlation between the change point parameters, provides an improved fit to the data. a full discussion of the results is provided in eSection 2 (http://links.lww.com/eDe/B102).
DISCUSSION
the statistical literature on change point models is vast and a number of review articles on the topic are available. [18] [19] [20] However, relatively few studies have addressed change point modeling for spatially referenced data. the majority of previously introduced change point regression models assume that a single change point is shared across all responses. this assumption may be inappropriate if the observations are arising from different spatial locations. in this study, we relaxed this assumption by allowing for spatially correlated locationspecific change points. the use of Bayesian change point models while accounting for potential spatial correlation between responses has been considered in past studies where the authors included spatially and spatiotemporally correlated adjustments to the intercept. [21] [22] [23] in another study, the authors increased flexibility of the change point framework by allowing for different independent spatiotemporal adjustments to the intercept before and after the change point occurred. 24 in a recent study, the authors introduced a model with spatially varying intercepts, slopes, and change points. 25 the prior distribution for these parameters allowed for correlation among parameters at a single spatial location but assumed independence between the parameters from different locations.
We found that substantial spatial variability remained even after adjusting for a number of spatially varying covariates. this indicates that additional, unexplained spatial factors might influence the serotype distribution and that an individual's risk of infection depends not just on their Zcta of residence but also on their broader region of residence. commuting or other regional interaction patterns could explain some of the variability. likewise, the spatial variation could indicate the presence of unmeasured spatial covariates, such as air pollution. Future study could focus on applying the model in new data settings and extending the methodology to account for multiple change points for a single response, spatiotemporal change points for cyclical processes, and/or multivariate change point models when working with multivariate outcomes.
Using our model, we were able to show that substantial variability exists in the proportion of invasive pneumococcal disease cases caused by vaccine-targeted serotypes across time and space. results suggest that the date of beginning decline, the rate of decline, and the initial baseline proportion of vaccine-targeted cases varied across connecticut. Vaccine uptake among children was shown to be the main predictor of vaccine-targeted invasive pneumococcal disease proportions in the adult population, while four doses may be more important for indirect protection of the adult population. results suggest that direct vaccination of the adult population in connecticut during the study period would have been more impactful in the geographic areas with a combination of large baseline proportions, late change points, slow rates of decline, and low vaccine uptake. 
